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Scratch testIn the present study, ZnMg-Zn bilayer coatingswith differentMg concentrations and layer thicknesses are depos-
ited on steel substrates by a thermal evaporation process. Thermodynamic calculations reveal that the work of
adhesion at the ZnMg/Zn interface (~1.6 J/m2) is lower than that at the Zn/Steel interface (~3 J/m2). This indicates
that the ZnMg/Zn interface is inherentlyweaker than the interface between Zn and steel substrate. The interfacial
adhesion strength quantified by the scratch test shows that the adhesion strength at the ZnMg/Zn interface de-
creases with increasing the Mg content and reaches 66 MPa at 16.5 wt% Mg. It is found that the presence of in-
terfacial defects largely decreases the adhesion strength compared to a defect-free coating. Meanwhile, it is
also concluded that the interfacial adhesion strength at the ZnMg/Zn interface does not depend on the thickness
of Zn interlayer. The results of thepresent investigation show that the interfacial adhesion strength is not the only
governing parameter for the adhesion performance of the ZnMg-Zn bilayer coatings in forming process, but the
thickness of the layers aswell as interfacial defect density also play important roles in the adhesion performance.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Table 1
Chemical compositions (wt%) of the steel substrates.
Streel C Si Mn P S Ni Cr Cu Fe
DP800 0.153 0.386 1.487 0.013 0.007 0.018 0.022 0.015 Bal.
Black
plate
0.04–0.08 0.03 0.18–0.35 0.02 0.03 0.08 0.08 0.08 Bal.
2 S. Sabooni et al. / Materials and Design 190 (2020) 1085601. Introduction
In the automotive industry, the protection of the vehicle body fromat-
mospheric corrosion is generally obtained by zinc coatings [1]. Recently, it
has been observed that the addition of alloying elements such as Ni, Mn,
Al and Mg to the pure zinc increases its corrosion performance to a great
extent [2–5]. The higher corrosion resistance of ZnMg coatings is related
to the formation of a dense corrosion product called “simonkolleite” in
the presence of Mg rather than ZnO and ZnCl2 which have a porousmor-
phology [6,7]. The advantage of Mg over other alloying elements can be
described by its effectiveness even at low concentrations [8]. However,
the addition of Mg reduces the adhesion of ZnMg coatings through the
formation of brittle phases in the microstructure [9] and also due to the
role of Mg on the reduction of “work of adhesion” [10].
Hot dip galvanization (HDG) and electrodeposition are common
techniques to produce zinc coated steels. However, new challenges
arise for the deposition of zinc coatings on advanced high strength
steels (AHSS) using the conventional methods. Superficial segrega-
tion of the alloying elements (such as Mn, Cr and Si) in AHSS during
annealing pretreatment leads to the surface oxidation before HDG
and reduces the adhesion of zinc coatings [11]. High energy cost,
environmental impacts and the possibility of hydrogen embrittle-
ment can be stated as the main drawbacks of the electrodeposition
process [12]. Physical vapor deposition (PVD) is considered as a
possible breakthrough technology for continuous deposition of Zn
alloys on an industrial scale. Low deposition temperature
(~250 °C), large flexibility for the production of multilayered coat-
ings with variable compositions, more accurate thickness control
and environmental friendliness can be mentioned as the main ad-
vantages of the PVD process. A recent development concerns the
feasibility of the production of the ZnMg coatings by the PVD pro-
cess [13,14]. However, these types of coatings suffer from low ad-
hesion to steel substrate and low formability. This signifies the
importance of fundamental understanding of the role of process
parameters and their impact on the formation of coating imperfec-
tions and ultimately to achieve a conclusive process window for
the ZnMg PVD coatings.
Limited researches are published addressing the adhesion of
ZnMg coatings. The adhesion behavior of single layer ZnMg coat-
ings with different Mg content (deposited on steel substrate) was
studied qualitatively by 180° bending and lap shear tests [9].
They found that the adhesion behavior of ZnMg coatings (in the
low Mg content regime) depends mostly on the fraction of pure
Zn phase, while the effect of coating thickness was negligible. The
effect of insertion of an Al interlayer on the adhesion of ZnMg coat-
ings was studied by Lee et al. [15] through the measurement of the
delamination width in a scratch test. Metallic bonding was intro-
duced as the main reason for obtaining excellent adhesion between
Al and ZnMg. It was also found that the grain size of the ZnMg films
decreases with increasing the Mg content. A semi-quantitative
adhesion evaluation approach was introduced by La et al. [16]
using a hybrid of punch stretching and potentio-dynamic polariza-
tion. It is reported that the microstructure of ZnMg coatings
changes from a crystalline porous structure to a mixture of
amorphous-nanocrystalline microstructure with increasing the
Mg content that influences the adhesion properties.
So far, lack of profound understanding about the adhesion of
ZnMg PVD coatings is sensible. The effect of thickness of the layers,
Mg concentration and processing parameters on the adhesion
strength are not fully understood yet. In other words, it is still not
clear which parameters influence the overall adhesion perfor-
mance of PVD ZnMg coated steels during the deformation. To ob-
tain a thorough understanding of the adhesion behavior, ZnMg-
Zn bilayer coatings with different Mg contents and also various
thicknesses ratios are deposited on steel substrates and their adhe-
sion performance are fundamentally investigated.2. Materials and methods
Single layer ZnMg and bilayer ZnMg-Zn coatingswith different com-
binations of Mg concentration (1.5–16.5wt%Mg), thickness of Zn inter-
layer (0.2–2 μm) and thickness of the ZnMg top layer (3–6.8 μm) are
deposited on two types of steel substrates: plain carbon steel (the so-
called black plate steel) and a dual phase steel (DP800) by a thermal
evaporation PVD process. Table 1 shows the chemical compositions of
the steel substrates used in the present study. As the galvanizability of
the steel substrates is different, both steels were selected for assessing
the adhesion strength of vapor deposited ZnMg-Zn bilayer coatings.
The schematic of the deposition chamber is shown in Fig. 1. The
chamber dimensions are 0.7 m in depth, 1.3 m in height, 2.85 m in
length. The vacuum chamber of the setup is equipped with two cruci-
bles containing molten Zn and ZnMg alloy, each of which is heated to
the evaporation temperature. The generated vapor of the pure or the
alloyed melt passes through a vapor distribution box (VDB) and is de-
posited on the running steel strip. The width of the steel strip is
300mmand runswith a typical speed of 1–10m/min. Prior to the depo-
sition, the surface of the steel substrate is cleaned by magnetron
sputtering with Ar+ ions. The plasma cleaning removes the pre-
existed oxide layers and preheats the substrate to a temperature of
~150 °C, depending on the plasma power. After the deposition of the
Zn interlayer, the surface of Zn interlayer is again plasma cleaned to
achieve a fresh interface for the deposition of the ZnMg top layer. The
coatings are labeled as ZnMgX-Zn where X represents the Mg content
in wt%. More information about the details of PVD process can be
found in [17].
Grazing incidence X-Ray diffraction (Panalytical Xpert Pro MRD) is
used for the phase analysis of the coatings. The microstructure of the
coatings is investigated by scanning electron microscopy (Philips
XL30-FEG ESEM) and transmission electron microscopy (JEOL 2010F),
both equipped with an EDS detector. The cross section of the coatings
is polished by a cryo cross-section polisher (JEOL IB-19520CCP) at
−140 °C to avoid beam-induced defects. To measure the thickness of
the coatings, three samples were sectioned randomly from each coated
steels over the width of coated steel strip and the cross sections were
carefully investigated. In-situ SEM tensile tests (Kammrath & Weiss
5000 N module) are performed to compare the mechanical properties
of single layer ZnMg and bilayer ZnMg-Zn coatings. More information
about the geometry of the in-situ tensile specimen and test setup are re-
ferred to [13].
The “adhesion performance” of the coating/substrate system is qual-
ified by the standard bending based “BMW crash adhesion test” (BMW
AA-M223) [17], while the ZnMg/Zn interfacial “adhesion strength” (in
MPa) is quantified by the scratch test. The BMW crash adhesion test is
a broadly accepted technique in industry to evaluate the adhesion of
galvanized coatings. Initially, a line of an adhesive glue (Betamate
1496V DOW Automotive Systems) of 4–5 mm thickness is applied to
the surface of the coating andheated at 175 °C for 30min to cure the ad-
hesive. After cooling, the samples are quickly bent over an angle of 90°.
To pass the test, the samples should fail at the interface of the adhesive
glue and the top surface of the coating [17].
Details of the scratch test parameters for the quantification of adhe-
sion strength are shown in Table 2. The critical load (LC) of the scratch
test is defined as the load at which the first detectable delamination oc-
curs at the ZnMg/Zn interface. The adhesion strength at the ZnMg/Zn in-
terface is calculated using the developed Benjamin-Weaver model
Fig. 1. Schematic of the deposition chamber of the PVD process to prepare ZnMg-Zn
coatings.
Fig. 2. Geometry of the finite element model of the BMW crash adhesion test at different
magnifications: (a) overview, (b) elements structure and (c) detailed meshing over the
ZnMg-Zn bi-layer coating.
3S. Sabooni et al. / Materials and Design 190 (2020) 108560recently published by the authors [13,14] as following:
F ¼ K a Hffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2−a2
p ð1Þ
where F is the adhesion strength (inMPa), K is a constant, R is the radius
of indenter tip, H is considered as the hardness of substrate and “a” is





To consider the effect of both the steel and Zn interlayer as the sub-
strate for ZnMg top layer, composite hardness is calculated using thede-
fined weight factor as following [13,14]:
ω ¼ Thickness of zinc interlayer
Residual depth at LC
ð3Þ
Hcomposite ¼ ω HZn þ 1−ωð Þ Hsteel ð4Þ
Clear distinction should be made between the terms “adhesion per-
formance” and “adhesion strength” in the whole article.
Finite element method (FEM) simulation is conducted to study
the stress/strain distributions and failure behavior of PVD ZnMg-Zn
bilayer coated steel during the BMW adhesion test. A set of simula-
tions is executed on the bilayer coated steel with 6.8 μm thick
ZnMg coating. The thicknesses of Zn coating and the steel substrate
are considered as 1.7 μm and 200 μm, identical to the experimentally
tested sample. The length of the simulated sample is 100 mm. The
top epoxy glue adhered to the sheet is considered thick enough com-
pared to the underlying specimen. The holder, die and the punch are
set as rigid bodies while the sample comprised of the epoxy glue, Zn
and ZnMg layers and the steel substrate is defined as homogenous
deformable solids. Fig. 2 illustrates the geometry of the FEM model
of the BMW adhesion test at different magnifications. The sample is
completely fixed against rotations and displacements between the
die and the holder. The punch presses the sheet up to 90° as far as
the sample touches the die. The mechanical properties of eachTable 2
Parameters used in the scratch test for quantification of the interfacial adhesion strength.
Indenter type/material Rockwell C/diamond
Radius of the indenter tip 200 μm
Maximum normal load 20 N for ZnMg-Zn coatings
50 N for the pure zinc coating
Loading rate 20 N/min for ZnMg-Zn coatings
50 N/min for the pure zinc coating
Scratch length 10 mmmaterial are obtained by nanoindentation and tensile tests and
employed in the model. The properties of the epoxy glue are derived
from its technical datasheet. Ductile damage model is utilized to cap-
ture the failure/fracture behavior of the components. The simulation
is performed in ABAQUS dynamic explicit 2D mode exploiting Arbi-
trary Lagrangian-Eulerian (ALE) mesh control. Mesh sensitivity of
the results is resolved and an appropriate mesh refinement is per-
formed, accordingly.
Table 3
The calculated work of adhesion for different interfaces.
Type of interface DP800/Zn Black plate/Zn Zn/Mg2Zn11 Zn/MgZn2
Work of adhesion (J/m2) 2.98 3.06 1.62 1.6




















Fig. 3. XRD patterns of the ZnMg coatings with different Mg concentrations.
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3.1. Theoretical calculation of thework of adhesion in ZnMg/Zn/steel system
The “work of adhesion” of a coating on a substrate is referred to the
amount of work required to separate the coating from the substrate per
unit of the interface area. For a coating composed of A and a substrate
composed of B, the work of adhesion can be estimated using the “Mac-
roscopic atom” model as following [18]:
Wad ¼ γSA þ γSB−γIA−B ð5Þ
where γSA and γ
S
B are the surface energies of A and B, respectively, and
γIA−B is the interface energy between A and B.
Assuming that the coating and the substrate are solid solutions of a
mixture of m number and n number elements, respectively, the
Eqs. (6)–(7) canbe used to describe the surface energies for the solid so-










































where CSAi and C
S
A j are the surface fractions of Ai and Aj elements. C
S
Bi and
CSB j are also the surface fractions of Bi and Bj elements. ΔHAi in A
I
j is the
enthalpy change for solution of 1mol Ai in an infinite amount of Aj. Sim-
ilarly,ΔHBi in B
I
j is the enthalpy change for solution of 1 mol Bi in an in-
finite amount of Bj. C0 is a constant relating the atomic volume to the
atomic surface area in the unit cell.
The surface fraction of element Ai (C
S
Ai
) and the surface fraction of el-
ement Bi (C
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The interface energy between coating A and substrate B is a sum of
two components [19]:
γIA−B ¼ γmismatchA−B þ γinteractionA−B ð10Þ
γmismatchA−B is related to the strain energy due to themismatch between
A and B at their interface whileγinteractionA−B is related to the chemical inter-
action of the elements in different phases. Assuming the interface is a








Considering the role of all elements at the interface, the total contri-















Table 3 shows the result of the calculated work of adhesion of
DP800/Zn, black plate steel/Zn, Zn/Mg2Zn11 and Zn/MgZn2 interfaces.
It is noteworthy that the reported values are the outcome of the
theoritical model presented above which only considers the thermody-
namic properties of the materials, not their physical and mechanical
properties. The work of adhesion at the black plate steel/Zn interface
is a bit higher than that of the DP800/Zn. The reason for the lower
work of adhesion at DP800/Zn interface is due to the higher content of
some alloying elements such as Si and Mn in DP800 compared to that
in the black plate steel [10]. Nontheless, the calculatedwork of adhesion
between the steel substrates and Zn is notably higher than that of the
Mg2Zn11/Zn and MgZn2/Zn interfaces. It reveals that, in a ZnMg-Zn bi-
layer coated steel, the interface between the ZnMg top layer and the
Zn interlayer is inherentlyweaker than the steel/Zn interface. The calcu-
lated “work of adhesion” are in good agreement with the experimental
results published in [13], where, during the scratch test, the ZnMg top
layer starts to delaminate from the Zn interlayer prior to the final failure
at the steel/Zn interface.
3.2. Microstructural studies
Fig. 3 shows the XRD patterns of ZnMg top layer as a function of Mg
concentration. It is found that the ZnMg top layer consists of a mixture
of Zn andMg2Zn11 phases at theMg concentrations b~5wt%. Themicro-
structure of the ZnMg top layer is fully covered by amixture ofMg2Zn11
and MgZn2 intermetallic phases at higher Mg concentrations and turns
into MgZn2 single phase at the Mg concentration of ~14 wt%. Some
unreacted pure Zn and Mg are also found along with MgZn2 at higher
Mg concentrations (16.5 wt% Mg). Higher Mg content in the molten
alloy may lead to the saturation of vapor by magnesium atoms. The
desublimation time in the PVD process seems not long enough to pro-
mote a complete reaction between Zn and Mg atoms. Therefore, some
unreacted pure elements remain in the microstructure. It is worth not-
ing that broadening of the MgZn2 peaks as well as their reduced inten-
sity at such highMg concentration indicates that the structure ofMgZn2
is transformed to an amorphous/nanocrystalline state.
Fig. 4. Microstructure of ZnMg11-Zn bilayer coating: (a) cross section SEM micrograph,
(b) cross section TEM micrograph of the interface of ZnMg/Zn, (c) cross section TEM
micrograph of ZnMg top layer and its selected area diffraction pattern.
Fig. 5. Typical examples of the cross section of the ZnMg-Zn bi-layered coatings:
(a) ZnMg1.5-Zn, (b) ZnMg7.4-Zn and (c) ZnMg16.5-Zn.
5S. Sabooni et al. / Materials and Design 190 (2020) 108560It has been found out that the ZnMg coatings with higher Mg con-
centrations show enhanced corrosion resistance [16]. Therefore, a bi-
layer coating containing 11 wt% Mg is selected as a representative for
detailed microstructural investigation. Fig. 4 shows the cross sectional
SEM and TEM micrographs of ZnMg11-Zn bilayer coating in the as-deposited condition. The ZnMg layer is a mixture of finely distributed
nanocrystalline MgZn2 and Mg2Zn11 intermetallic compounds
(Fig. 4a–b). The selected area diffraction (Fig. 4c inset) reveals that
both phases are in nanocrystalline state and no sign of amorphous
phase is found in the microstructure. The EDS analysis confirms that a
thin layer of Mg2Zn11 (consisting 91.74 wt% Zn and 8.26 wt% Mg)
with an average thickness of 200 nm is present at the interface of
6 S. Sabooni et al. / Materials and Design 190 (2020) 108560ZnMg/Zn. This implies that the growth of ZnMg at the interface during
the deposition starts with the formation of Mg2Zn11 layer followed by
simultaneous nucleation and growth of MgZn2 and Mg2Zn11 phases.
This finding is in good agreement with the Zn-Mg binary phase diagram
that the interface of MgZn2 and pure Zn is not thermodynamically sta-
ble. Therefore, the formation of Mg2Zn11 as an intermediate layer be-
tween the top layer and Zn is inevitable.
Fig. 5 shows the typical cross sectional SEMmicrographs of the pre-
pared coatings. Some interfacial defects are found at the Zn/steel and/or
ZnMg/Zn interfaces in some coatings. Based on the position of the inter-
facial defects, the coatings are divided into three categories: coatings
having interfacial defects at both Zn/steel and ZnMg/Zn interfaces
(Fig. 5a), coatingswithout any defect at the interfaces (Fig. 5b) and coat-
ings with some defects in one of the interfaces (Fig. 5c). However, as
PVD process is under development as a breakthrough technology for
continuous deposition of ZnMg-Zn bilayer coatings on the advanced
and/or ultra high strength steels on an industrial scale, the nature of
the presence of some process-related defects in the coating is still
under investigation. Based on the observations, defect formation is not
influenced by the thickness and the chemical composition of the layers
while it is speculated that the pre-treatment of the surface of steel sub-
strate and Zn interlayer as well as the deposition process parameters
govern the formation of the voids.
3.3. Single layer ZnMg versus bilayer ZnMg-Zn coatings
Experimental results indicate that single layer ZnMg coatings always
show inferior adhesion to the steel subtrate and usually fail the BMW
adhesion test in contrast to the ZnMg-Zn bi-layer coatings [13]. To
show the difference more clearly, in-situ tensile tests are carried out
on both the ZnMg single layer and the ZnMg-Zn bilayer coatings
(Figs. 6 and 7). It is worthy to mention that the maximum strain thatFig. 6. SEM micrographs of the single layer ZnMg coated steel aftercan be applied to the coating is limited by the elongation limit of the un-
derlying steel substrate. It means that themaximum deformation of the
coating occurs in the vicinity of the fractured area of steel substrate in
uniaxial tensile test. Fig. 6 shows the SEM micrographs of the single
layer ZnMg after the tensile test. As seen, large areas of the coating (in
the ranges of mm) are chipped off from the steel substrate at the rup-
ture point. It implies that the adhesion of the single layer ZnMg coating
to the steel substrate is low to resist the shear stress at the interface. On
the other hand, in the case of the ZnMg-Zn bilayer coating, both the
ZnMg top layer and the Zn interlayer are still adhered to the steel sub-
strate after the tensile test (Fig. 7). It means that the addition of a ductile
Zn interlayer between the steel substrate and theZnMg top layer can ac-
commodate a large portion of the interfacial shear stress. This is evident
by the partially pull out of the Zn interlayer from/underneath the edges
of the coating segments at the failed region (see Fig. 7b). It confirms that
the presence of Zn interlayer is essential for obtaining a good adhesion
in ZnMg coated steels.
3.4. Quantification of the adhesion strength
3.4.1. The effect of the thickness of Zn interlayer on the adhesion
The adhesion strength of the coatings at the ZnMg/Zn interface is
quantified by the scratch test. Primarily, three coatings with similar
ZnMg top layer (6.5 wt% Mg and ~3 μm thick) and different thicknesses
of the Zn interlayer (0.2 μm, 0.7 μm and 1.3 μm) are characterized to
study the effect of the thickness of Zn interlayer (tZn) on the interfacial
adhesion strength and also the adhesion performance in the BMW ad-
hesion test (Table 4). The results of the scratch test reveal that, although
the critical load of delamination increases with increasing the thickness
of the interlayer, the interfacial adhesion strength at the ZnMg/Zn inter-
face is closely equal for the three investigated samples (~110MPa). This
indicates that the interfacial adhesion strength at the ZnMg/Zn interfacethe tensile test along with the EDS elemental mapping of (b).
Fig. 7. SEMmicrographs of the ZnMg7.4-Zn bi-layered coatings after the tensile test with
two arrows indicating the loading direction: (a) overal view, (b) cross sectional view of a
crack after unloading.
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Fig. 8. Adhesion strength of the bi-layered coatings at the ZnMg-Zn interface versus the
Mg content.
7S. Sabooni et al. / Materials and Design 190 (2020) 108560is independent of tZn. Although the interfacial adhesion strength is al-
most equal for the three investigated coatings, the coating with the
thinnest tZn fails in the BMW crash adhesion test, while the others
pass. This behavior can be attributed to the role of the ductile zinc inter-
layer in accommodating the shear stress/strain during bending. It has
been already observed in our previous study [14] that failure in BMW
crash adhesion test occurs when tZn is smaller than a threshold (tZnMin≅
500 nm). Therefore, the adhesion performance of a bilayer coating/sub-
strate system during bending does not only depend on the interfacial
adhesion strength, but also on the structure parameters such as tZn.
3.4.2. The effect of process-induced defects on the adhesion
The adhesion strength of the bilayer coatings at the ZnMg/Zn inter-
face versus Mg concentration for different levels of defect density is
shown in Fig. 8. It is worth to mention that the thickness of the ZnMg
top layer for the investigated coatings in Fig. 8 is limited to about
3–4 μm. The pure zinc coating has the highest adhesion strength
(171 MPa) among the other samples. For the defect-free coatings, the
interfacial adhesion strength (σ) at the ZnMg/Zn interface reduces grad-
ually with increasing the Mg content of the top layer and eventually
reaches to 66 MPa at 16.5 wt% Mg. The exponential relation (Eq. (13))Table 4















ZnMg6.5-Zna 0.2 3 11.6 ± 0.4 108 ± 1.8 Fail
ZnMg6.5-Zna 0.7 3 13.1 ± 0.5 111 ± 2.5 Pass
ZnMg6.5-Zna 1.3 3.1 13.3 ± 0.2 105 ± 1.2 Pass
a The thickness of the Zn interlayer is different for these samples.follows the experimental data with a high coefficient of determination
(R2 = 0.977). This relation is marked by the green line in Fig. 8:
σ ¼ 167:9 exp−0:057CMg ð13Þ
where CMg is theMg content of the ZnMg top layer inwt%. The adhesion
strength of all of the coatings having interfacial defects falls below the
fitted curve of adhesion strength of the defect-free coatings. Higher de-
fects density at the ZnMg/Zn interface results in an even larger drop in
the adhesion strength compared to the defect-free coating. For instance,
the adhesion strength of the ZnMg5.5-Zn coating with a moderate
amount of interfacial defects is ~105 MPa, slightly lower than the
defect-free sample. This coating can still pass the BMW adhesion test.
In contrast, the ZnMg1.5-Zn coating containing a high density of defects
and with the same magnitude of the interfacial adhesion strength
(105 MPa) fails in the BMW adhesion test because it is relatively far
from the fitted curve. In other words, at a givenMg content, the density
of the interfacial defects determines how far the adhesion strength de-
viates from that of the ideal coating. This indicates that the density of
the interfacial defects can also influence the adhesion performance in
the BMW adhesion test.
3.4.3. The effect of the thickness of ZnMg top layer on the adhesion
As shown earlier, the ZnMg-Zn bilayer coatings with tZn larger than
tZn
Min can pass the BMWadhesion test in the absence of interfacial defects
or containing low density of interfacial defects. However, further study
with a thicker ZnMg top layer reveals that to fulfill the BMW adhesion
test, there exists also a maximum thickness for the ZnMg top layer
(tZnMgMax ≅ 3.5 μm) that might be a function of the thickness of the Zn inter-
layer. tZnMgMax varies slightly with the Mg content of the top layer. Table 5
presents the mechanical properties of the ZnMg top layer measured
by nanoindentation. As can be seen, the hardness and the elastic modu-
lus of the ZnMg top layer increases with the increase in Mg content up




expresses the resistance of a material to plastic deformationTable 5
Mechanical properties of the ZnMg top layer of the samples containing different Mg
content.
Hardness (GPa) Elastic modulus (GPa) H3
E2
(GPa)
ZnMg1.5 1.02 ± 0.35 66 ± 14.4 0.00024
ZnMg5.8 3.18 ± 0.80 90 ± 14.3 0.00397
ZnMg7.4 4.97 ± 1.10 104 ± 16.0 0.01135
ZnMg10.9 5.15 ± 1.05 103 ± 15.8 0.01300
ZnMg14.1 5.30 ± 1.40 103 ± 17.5 0.01387
Table 6
Chemical composition of different points in Fig. 9b.
Location Zn content (wt%) Mg content (wt%)
Spot 1 95.44 4.56
Spot 2 84.72 15.27
8 S. Sabooni et al. / Materials and Design 190 (2020) 108560[20,21]. Higher Mg contents results in a less ductility. Therefore, tZnMgMax
can be slightly lower for the coatings with higher Mg contents.
Fig. 9a shows the cross section of the ZnMg14.5-Zn coating with a
6.8 μm thick top layer which has failed in the BMW adhesion test. The
SEM micrographs of the exposed side of the coating remained on the
substrate after the failure, are shown in Fig. 9b–c. The results of the
EDS analysis of different areas on the failed surface are shown in
Table 6. Although the content of Mg varies from area to area due toFig. 9. (a) Cross section SEMmicrograph of the ZnMg14.5-Zn coating with a 6.8 μm thick
ZnMg, (b–c) SEM micrographs of the exposed side of the coating remained on the
substrate after failure in the BMW adhesion test.the different thickness of remaining ZnMg top layer after fracture, it
can be concluded that the failure of bilayer coatings with a top layer
thicker than tZnMgMax occurs in the form of a cohesive brittle fracture across
the ZnMg top layer. This behavior can be related to the brittleness of
MgZn2 intermetallic phase as stated before.
Fig. 10 demonstrates the FEM simulation results to capture the fail-
ure mechanism in the ZnMg-Zn bilayer coated steel during the BMW
adhesion test. It has to be pointed out that the thicknesses and the me-
chanical properties of the simulated coating are considered the same as
the experimentally studied sample in Fig. 9a. Furthermore, a defect-free
interface has been considered for the simulation. As shown in Fig. 10a,
the top layer epoxy starts to fracture around 45° bending angle. Further
failure of the epoxy is severely increased by increasing the bending
angle due to the larger deformation until the bending angle of 90°.
Fig. 10b shows the sample at the end of the simulation. As it can be no-
ticed, the epoxy adhesive is severely damaged and failed in the vicinity
of the ZnMg top layer. Equivalent plastic strain distribution of the mag-
nified region associated with the ZnMg-Zn coatings and steel substrate
is given in Fig. 10c. As it can be observed, most of the strain generated in
the system is carried by the Zn interlayer due to its higher ductility com-
pared to the ZnMg layer. The Zn interlayer seems to have endured the
shear plastic deformation throughout the BMW adhesion test. On the
other hand, the brittle ZnMg layer has failed in some regions. According
to the stress distribution contour (Fig. 10d), the bottom area of the
ZnMg coating adhered to Zn interlayer has experienced a higher stress
magnitude and failed, consequently. Therefore, the FEM simulation re-
sults confirm that ZnMg coating has undergone cohesive failure as a re-
sult of internal stress concentration generated by severe plastic
deformation during the BMW adhesion test.3.4.4. Interdependency of the process parameters
The thickness of the ZnMg layer ismainly controlled by the evapora-
tion temperature (vapor pressure), the travelling speed of the strip and
also the design of the VDB. As an example, the effect of the evaporation
temperature (at a constant travelling speed of 2 m/min) on the thick-
ness of ZnMg14.5 layer is shown in Fig. 11a. The thickness of the
ZnMg layer is reduced from 6.8 μm to 1.3 μm with the decrease in the
evaporation temperature from 725 °C to 660 °C. However, decreasing
the evaporation temperature to less than 700 °C causes a defective in-
terface between the ZnMg and Zn layers, resulting failure in the BMW
adhesion test (Fig. 11b–c). Therefore, to obtain a proper interface be-
tween the ZnMg and Zn layer and also to keep the thickness in a desir-
able range (~3.5 μm), the evaporation temperature has to be kept above
700 °C and the strip travelling speed should be increased, accordingly
(Fig. 12d).
As a summary, it can be concluded that the adhesion performance of
the ZnMg-Zn bilayer coating during the bending test is a complex func-
tion of different parameters such as the thickness of Zn and ZnMg layers,
interfacial adhesion strength and the interfacial defect density as sche-
matically depicted in Fig. 12. For industrial applications, it should be
pointed out that although lower Mg concentration may lead to a higher
interfacial adhesion strength, it degrades the superior corrosion resis-
tance of ZnMg coatings which is achieved at higher Mg contents. There-
fore, within a desirable window for theMg content, the thickness of the
layers should be kept in a range that yields the highest mechanical per-
formance as well as economic justification. The appropriate thickness
range for the Zn intermediate layer and the ZnMg top layer is 1–2 μm







Fig. 10. Finite element simulation of the ZnMg-Zn bi-layered coating in BMW crash adhesion test; (a) failure of the adhesive glue at a bending angle of ~45°, (b) overview of the sample at
the end of the simulation, (c) equivalent plastic strain and (d) Von misses stress at the bending angle of 90°.





















Fig. 11. (a) The effect of the evaporation temperature on the thickness of ZnMg14.5-Zn layer; cross section SEMmicrographs showing the interface of ZnMg and Zn layers formed at the
evaporation temperatures of (b) 660 °C, (c) 680 °C and (d) 725 °C.
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Fig. 12. Governing parameters for the adhesion performance of ZnMg-Zn bi-layered coatings in the BMW crash adhesion test.
10 S. Sabooni et al. / Materials and Design 190 (2020) 108560variation of the evaporation temperature, strip travelling speed as well
as plasma cleaning parameters.
4. Conclusions
The present investigation studies the fundamentals of adhesion of
physical vapor deposited ZnMg coatings. The most important findings
are as the following:
- Addition of Zn interlayer is essential for a sound adhesion perfor-
mance for the ZnMg coatings.
- Theoretical calculations show that the work of adhesion at the
ZnMg/Zn interface (~1.6 J/m2) is notably lower than that of the
steel/Zn interface (~3 J/m2). This implies that the interface of
ZnMg/Zn is inherently weaker than that of steel/Zn.
- Adhesion strength at the interface of ZnMg/Zn can be successfully
quantified by the scratch test. The interfacial adhesion strength at
the ZnMg/Zn interface depends mostly on the Mg content of the
top layer and the density of interfacial defects. It is also found that
the thickness of the zinc interlayer does not play a role in the inter-
facial adhesion strength.
- The adhesion performance of the ZnMg-Zn bilayer coatings in the
BMW adhesion test is not only a function of the interfacial adhesion
strength, but also the thickness of Zn and ZnMg layers as well as the
density of the interfacial defects.
- There is a threshold value (tZnMgMax ≅ 3.5 μm) for the thickness of ZnMg
layer beyondwhich the coating fails in theBMWadhesion test by co-
hesive brittle fracture.
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